Glycoproteins D1 (gD1) and D2 (gD2) of herpes simplex virus type 1 and type 2, respectively, were purified from infected HEp-2 cells labelled with [3H]glucosamine for 14 h followed by a 3 h chase using HD1 monoclonal antibody linked to Sepharose. Olinked oligosaccharides were found to be present in both glycoproteins. The identification of N-acetyl [3H]galactosaminitol as the major labelled component in the oligosaccharides generated by mild alkaline borohydride treatment demonstrated that these chains have N-acetylgalactosamine at the reducing end. These oligosaccharides consist of mono-and disialylated species with a predominance of the latter species in gD1. Size analysis and radioactive amino sugar composition strongly suggest a structure in which the galactosyl-N-acetylgalactosamine core is substituted with one or two sialic acid residues. In terms of [3H]glucosamine-derived radioactivity, O-linked oligosaccharides are less represented than N-linked oligosaccharides. The O-linked oligosaccharide number determination showed that gD1 and gD2 carry two and three chains, respectively. 0000-8091 © 1988 SGM Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Sun, 30 Dec 2018 08:51:23 870 F. SERAFINI-CESSI AND OTHERS
INTRODUCTION
Glycoprotein D (gD) is one of the major components of the virion envelope in both herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) . This glycoprotein elicits and binds potent neutralizing antibodies ; for this reason its potential as a subunit vaccine is being explored (Chart, 1983; Long et al., 1984; Eisenberg et al., 1985a; Berman et al., 1985; Cremer et al., 1985) . Studies with monoclonal antibodies (MAbs) have shown that gD plays a role in HSV-induced cell to cell fusion (Noble et al., 1983) and in the adsorption penetration of virions into cells (Fuller & Spear, 1985) . Recently, by using a cell line which constitutively expresses gD, Campadelli-Fiume et at. (1988) have shown that gD plays no essential role in adsorption but is required in the fusion step between the virion envelope and the plasma membrane, which leads to infectious entry. Different functions of gD appear to be associated with different epitopes of the glycoprotein (Eisenberg et al., 1985b; Cohen et al., 1986) . DNA sequence studies have shown a high homology in the nucleotide sequence of the genes encoding gD1 and gD2; the deduced amino acid sequences are about 85% homologous and, in both sequences, three potential N-glycosylation sites are present (Watson et al., 1982; Watson, 1983; McGeoch et al., 1985 McGeoch et al., , 1987 . Cohen et al. (1983) have demonstrated that all three potential N-glycosylation sites of gD 1 and gD2 are actually glycosylated. Johnson & Spear (1983) assigned O-linked oligosaccharides to gD1 on the basis of an increase in the electrophoretic mobility of the glycoprotein after digestion with an N-acetylgalactosamine-oligosaccharidase preparation from Clostridium perfringens. However, those studies did not provide conclusive evidence for the occurrence of O-linked oligosaccharides in gD1, because the strict substrate specificity as well as the purity of the enzyme preparation used had not been tested. Mild alkaline borohydride treatment selectively cleaves oligosaccharides O-glycosidically linked to serine and threonine by a fl-elimination reaction, and preserves their structure by converting the terminal sugar to the corresponding alditol (Spiro, 1972) . Since the terminal reducing sugar of Olinked oligosaccharides is most frequently N-acetylgalactosamine (GalNAc), the identification of N-acetylgalactosaminitol (GalNAc-ol) in oligosaccharides fractionated after mild alkaline • borohydride treatment is clear evidence of their O-glycosidic linkage to the polypeptide. Following this approach, our group demonstrated the occurrence of O-linked chains in gC1 and gG2 Serafini-Cessi et al., 1985) . In this paper we report that both gD1 and gD2 are O-glycosylated. Analysis of O-linked oligosaccharide size and number indicates that the extent of O-glycosylation is higher in gD2 than in gD1. Such differences may have an effect on the tertiary structure of the two glycoproteins and thereby contribute to the immunological specificity of the two HSV serotypes.
METHODS
Cell, viruses and labelling procedures. HEp-2 cell cultures were infected with HSV-1 (F) or HSV-2 (G) at an input m.o.i, of 10 p.f.u./cell. Monolayers (75 cm: flask) were labelled from 7 to 21 h after infection with labelling medium containing 0.5 mg glucose and 50 ~tCi [3H]glucosamine (40 Ci/mmol, Amersham) per ml. At the end of the labelling period cells were rinsed five times and chased for 3 h with minimum essential medium containing 1.5 mg glucose/ml.
Purification of[3H]glucosamine gD1 andgD2. MAb HD1 (Pereira et al., 1980) was precipitated from ascitic fluid (Eisenberg et al., 1982) and linked to CNB~Sepharose according to a previously described procedure . Cells were extracted with 0-5~o NP40, 0-15 M-NaC1, 0.01 M-Tris-HC1 pH 7.5, 10 -4 M-tosyl-Lphenylalanine chloromethyl ketone, 10 -4 M-tosyl-L-lysine chloromethyl ketone and centrifuged at 100000g for 1 h. The supernatants were dialysed extensively against 0.01 M-Tris-HC1 pH 7-5, containing 0-5 M-NaCI, 0-1% NP40 and 10 -3 M-phenylmethylsulphonyl fluoride, and loaded on the HD1-Sepharose column (0-5 × 8 era). The column was then washed with 20 ml of the dialysis buffer. The retained glycoprotein was eluted with 3 M-KSCN containing 1 ~ NP40. In order to facilitate the release of gD1 and gD2 from the immobilized antibodies, the column was filled with the eluant and left to stand for 5 to 6 h. The retained glycoprotein was then eluted by the KSCN-NP40 solution in about 4 ml, which was dialysed against 0.025 M-Tris HCI pH 8 containing 0.1~ NP40 and 10 -3 M-phenylmethylsulphonyl fluoride (Buffer A). Under these dialysing conditions the detergent concentration was not significantly reduced. In order to remove the detergent the sample was brought to 0.4 Mglycine, mixed with 5 volumes of acetone and precipitated for 2 h at 4 °C. The protein co-precipitated with the glycine precipitate that formed in the presence of acetone, whereas the detergent was distributed in the acetone phase (Kornfeld & Wold, 1981) . The glycine-protein pellet was suspended in 1 ml of buffer A, exhaustively dialysed against the same buffer and lyophilized. All procedures were performed at 4 °C. The purity of glycoproteins was checked by SDS PAGE, as detailed by Campadelli-Fiume et al. (1982) .
Proteolytic digestion. Pronase digestion of gD1 and gD2 was performed at 60 °C for 24 h under the conditions previously described . Trypsin hydrolysis was carried out after performic acid oxidation of the lyophilized glycoprotein as described by Vogt et al. (1975) .
Column chromatography. Glycopeptide chromatography on concanavalin A (Con A)-Sepharose was performed as previously described (Serafini-Cessi et al., 1983) . The fractionated glycopeptides were then desalted in a Bio-Gel P-2 column (2 x 30 cm) equilibrated and eluted with water. Chromatography on Bio-Gel P-4 (-400 mesh) was performed on a column (1 x 80 cm) equilibrated and eluted with 0.1 M-pyridine-acetate buffer pH 5. DEAE-Sephacel chromatography was performed as detailed elsewhere . Tryptic glycopeptides were fractionated on a Bio-Gel P-30 column (1 x 80 cm) equilibrated and eluted with 0-1 M-ammonium bicarbonate. The column had been calibrated with Mr markers. Fractions of peaks were pooled, dialysed against water, made alkaline with pyridine, and lyophilized.
Mild alkaline borohydride treatment. Glycopeptides were treated with 1 M-sodium borohydride in 0-1 M-NaOH for 48 h at 37 °C. At the end of the treatment, borate was removed by repeated evaporations with methanol-acetic acid. The residual material was then suspended in 1 ml of water and chromatographed on Bio-Gel P-4 .
Strong acid hydrolysis and thin-layer chromatography.
[3H]Glucosamine-labelled glycopeptides or oligosaccharides were subjected to strong acid hydrolysis in 4 M-HC1 for 4 h at 100 °C. The acid was removed by evaporation under reduced pressure. To separate amino sugars and galactosaminitol, thin-layer chromatography (TLC) was performed on silica gel plates (20 x 20 cm) developed twice with ethanol : pyridine : 1-butanol : acetic acid : water (100 : 10:10 : 3 : 30); potassium tetraborate was added to this solvent at a 1 ~ (w/v) concentration (DaU'Olio e t al., 1985) . Pronase-digested glycoproteins were desalted by Bio-Gel P-2 filtration and aliquots (about 5000 c.p.m.) were subjected to strong acid hydrolysis and analysed by TLC as described in the text. Areas of the silica gel plates were scraped off and the radioactivity determined by scintillation counting. The percentage distribution of [3H]galactosamine was calculated assuming as 100~ the radioactivity recovered in the migration position of galactosamine (i) and glucosamine (ii).
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RESULTS
Identification and characterization of gD1 and gD2 O-linked oligosaccharides
gD1 and gD2 were metabolically labelled with [3H]glucosamine, a precursor which is incorporated into oligosaccharides of glycoproteins as N-acetylglucosamine (GlcNAc), GalNAc and sialic acid. Radiolabelled gD1 and gD2, purified by immunoabsorbent chromatography, were digested with Pronase and the glycopeptides, desalted by Bio-Gel P-2 filtration, were then subjected to strong acid hydrolysis to determine the labelled amino sugar composition. Under these hydrolysis conditions GtcNAc and GalNAc are converted to the corresponding deacetylated products, glucosamine and galactosamine, which were separated by TLC. Fig. 1 shows that both glycoproteins contain a small but consistent amount of galactosamine, the proportion of which was slightly higher in gD2 than in gD1 (14~ compared to 11 ~). Since GalNAc is rarely present in N-linked chains, this result suggested that both glycoproteins are Oglycosylated.
It has been shown (Krusius et al., 1976) that O-linked and multi-branched N-linked oligosaccharides do not bind Con A-Sepharose, whereas di-branched and high-mannose Nlinked chains are retained by the immobilized Con A. In order to obtain a glycopeptide fraction enriched in O-linked oligosaccharides, Pronase-digested gD 1 and gD2 were fractionated on Con A-Sepharose. Fig. 2 shows that about 40~ of the radioactivity incorporated into each glycoprotein was eluted as Con A-unbound glycopeptides, and that all labelled galactosamine was recovered in this glycopeptide fraction. O-linked oligosaccharides were released from Con A-unbound glycopeptides by mild alkaline borohydride treatment and fractionated on a Bio-Gel P-4 column at high resolution. In both cases, after the treatment, about 35 ~o of the radioactivity was eluted in fractions where no radioactivity had been present before the treatment (Fig. 3) . Considering that Con A-unbound glycopeptides accounted for about 40~ of the radioactivity incorporated in the glycoproteins, the oligosaccharides released by mild alkaline borohydride treatment represent no more than 15 ~o of the total radioactivity of gD 1 and gD2. Thus O-linked * The oligosaccharides generated by mild alkaline borohydride treatment of Con A-unbound glycopeptides (fractions 25 to 38 of Fig. 3 ) were subjected to strong acid hydrolysis and the labelled monosaccharides separated by TLC. The values of radioactivity were quantified as described for Fig. 1 . oligosaccharides appear to be minor carbohydrate components of gD, in terms of [3H]glucosamine-derived radioactivity. This result is not consistent with previous work (Johnson & Spear, 1983) in which mild alkaline borohydride treatment of the entire glycoprotein released 40 to 60 % of the [3H]glucosamine-derived radioactivity of gD 1 as low Mr components. A possible explanation for those results is that this treatment of intact gD1 caused multiple breaks of the polypeptide (Hounsell et al., 1984) , so that glycopeptide(s) carrying N-linked chains were also recovered as low Mr components. Such an explanation takes into consideration the fact that the released material was not characterized and this would also account for the greater size of the oligosaccharides reported in that paper. Fig. 3 also shows that the major components released from gD1 and gD2 glycopeptides upon fl-elimination were eluted in the elution volume of a disialylated tetrasaccharide and of a monosialylated trisaccharide marker (both of O-linked origin). The presence of two and one sialic acid residues in the major oligosaccharide released from gD1 and gD2 glyc0Peptides, respectively, was confirmed by fractionation of these oligosaccharides by DEAE Sephacel chromatography (results not shown). The fractions of the gel filtration chromatography steps corresponding to the oligosaccharides released upon fl-elimination ( Fig. 3a and b) were pooled and analysed for amino sugar composition in order to ascertain the extent of conversion of GalNAc to GalNAcol. Most of the radioactive sugar detectable in the strong acid hydrolysates of oligosaccharides released upon fl-elimination was galactosaminitol (Table 1) , indicating that the oligosaccharides were O-linked to the polypeptide; virtually no glucosamine was present in the O-linked oligosaccharides. Since O-linked chain elongation usually occurs by addition of GlcNAc onto the Gal-GalNAc core, the absence of GlcNAc in gD1 and gD2 O-linked oligosaccharides is consistent with their elution pattern from the Bio-Gel column. Cohen et al. (1983) have shown that the precursor forms of gD1 and gD2, after trypsin digestion, give rise to three glycopeptides of increasing size, each carrying an individual Nlinked chain. The largest glycopeptide, from amino acid 271 to 367, includes the N-glycosylation site of Asn 287, the next largest glycopeptide, from amino acid 127 to 147, includes Asn 146, and the smallest glycopeptide, from amino acid 116 to 126, includes Asn 119. We took advantage of this finding to isolate a tryptic fragment carrying an individual N-linked chain from our preparations of [3H]glucosamine-labelled gD1 and gD2. This enabled the approximate amount of radioactivity incorporated into one GIcNAc residue to be calculated. Fig. 4(a and b) shows the elution pattern from a Bio-Gel P-30 column of trypsin-digested gD1 and gD2. In both cases the elution volume of the largest'tryptic glycopeptide (tryptic glycopeptide 1) indicated an M r of 12500, a value consistent with the Mr of the largest tryptic glycopeptide carrying the Nglycosylation site at Asn 287 (Mr 10172 calculated for the peptide fragment and 2400 for a dibranched sialylated oligosaccharide). In contrast, the two smaller tryptic glycopeptides (M r of the peptide moieties 2320 and 1337, respectively) emerged as a broad peak in the elution volume of the Mr 4800 and 2000 markers (Fig. 4) . This poor resolution probably results from the .,.J Fig. 4 , respectively, were subjected to strong acid hydrolysis and radiolabelled amino sugars separated by TLC as in Fig. 1. presence of large and heterogeneous oligosaccharide moieties linked to the two peptides, which obscure the small size differences between the two tryptic fragments. Thus all fractions of the broad and discontinuous peak were pooled and designated tryptic glycopeptide 2. In order to identify which of the tryptic fragments carries the O-linked chains, tryptic glycopeptides 1 and 2 were subjected to strong acid hydrolysis and analysed for labelled amino sugar composition. Labelled galactosamine, which is indicative of the presence of O-linked chains, was detected only in tryptic glycopeptide 1 ( Table 2) . The ratio between [3H]galactosamine and [3H]glucosamine was higher in the tryptic glycopeptide 1 from gD2 than in the corresponding glycopeptide from gD 1, consistent with the higher content of [3H]galactosamine found in gD2 (see Fig. 1 ), which suggests a higher number of O-linked chains in the former glycoprotein.
Evaluation of the number of O-linked oligosaccharides present in gD1 and gD2
In the next series of experiments we made use of affinity chromatography on Con A-Sepharose to identify the branching pattern of the oligosaccharides present in gD1 and gD2 tryptic glycopeptide 1. It has been shown that di-branched complex-type oligosaccharides are eluted from Con A-Sepharose by a low concentration of ct-methylmannoside, whereas the three branched species do not bind to Con A-Sepharose (Krusius et al., 1976) . For both gD1 and gD2, about half of the tryptic glycopeptide 1 behaved as a glycopeptide species carrying di-branched oligosaccharides whereas the other half behaved as a species carrying three-branched chains Fig. 4 , were chromatographed on Con A-Sepharose as described in the text. 100~ of radioactivity (about 5000 c.p.m.) represents the total radioactivity recovered in the flowthrough fractions and in the 5 mM-and 300 mM-ct-methylmannoside eluates.
( Table 3 ). The number of GlcNAc residues present in N-linked complex-type chains is defined by their branching pattern, in that two GlcNAc residues occur on the core unit and one GlcNAc residue is located on each branch. Therefore for both gD1 and gD2 the average number of GlcNAc residues present on tryptic glycopeptide 1 was estimated to be 4-5. The proportion of [3H]GlcNAc recovered on tryptic glycopeptide 1 accounted for 71~ and 61~ of the total radioactivity present in gD1 and gD2 tryptic glycopeptide 1, respectively (see Table 2 ). By dividing these values by the estimated number of GlcNAc residues, it is estimated that each GIcNAc residue accounts for 15.8 ~ (71:4-5) and 13.8 ~o (61:4.5) of the radioactivity present in gD1 and gD2 tryptic glycopeptide 1, respectively. The specific activity of GlcNAc and Gal NAc may be assumed to be at equilibrium after a long [3H]glucosamine labelling period. Thus the same values also account for the percentage of radioactivity of one GalNAc residue.
[3H]GalNAc represented 29 ~ and 39 ~ of the radioactivity incorporated as hexosamines in gD 1 and gD2 tryptic glycopeptide 1, respectively (see Table 2 ). By dividing 29~ by 15-8~ (the percentage of radioactivity of one amino sugar residue for gD1) and 39~ by 13.8~ (the percentage of radioactivity of one amino sugar residue for gD2), we estimate that 1-8 and 2-9 GalNAc residues are present on gD1 and on gD2, respectively. Since current results indicate that virtually all GalNAc was located at the reducing end of the O-linked chains, it may be inferred that two O-linked oligosaccharides are present on gD1, whereas three O-linked chains are present on gD2.
DISCUSSION
Current results indicate that gD1 and gD2 carry oligosaccharides O-glycosidically linked to hydroxyamino acids and that GalNAc is the terminal reducing residue. They consist of monoand disialylated species, the latter being predominant on gD1. Size analysis strongly suggests a structure in which the common Gal-GalNAc-Ser/Thr core is substituted with one or two sialic acid residues. The heterogeneity in the extent of sialylation may depend on the degree of glycoprotein processing. Because of the long labelling interval used here, cells accumulated gD molecules which had been synthesized at different times after infection. It is likely that the cellular sialyltransferase activity decreases during the course of infection as a consequence of the virus-induced inhibition of host cell macromolecular synthesis. The occurrence of a lower number of disialylated O-linked chains on gD2 is consistent with the observation that the cell macromolecular synthesis shut-off occurs more rapidly in cells infected with HSV-2 than with HSV-I (Fenwick & Walker, 1978) .
The data presented indicate that there are two and three O-linked oligosaccharide chains linked to gD 1 and gD2, respectively. A comparison between the predicted amino acid sequence of the two glycoproteins (Watson et al., 1982; Watson, 1983; McGeoch et al., 1985 McGeoch et al., , 1987 shows small but significant differences in the content of hydroxyamino acids. In particular, residues 312 and 313 are both serine in gD2 and alanine and proline in gD1. One of these serine residues might represent the additional O-glycosylation site in gD2. The vicinity of Ser 312 and 313 to proline residues (predicted at positions 316 and 317) could be a condition facilitating assembly of O-linked oligosaccharides, as shown for several O-glycosylated glycoproteins (Spiro, 1972) .
To date, the relevance of the carbohydrate moieties to the function of HSV glycoproteins has been investigated relative only to the assembly and processing of N-linked oligosaccharides. An impairment in N-linked oligosaccharide processing of HSV glycoproteins results in defective egress of progeny virus (Johnson & Spear, 1983; Serafini-Cessi et al., 1983; Dall'Olio et al., 1986; Ghosh-Choudhury et al., 1987) , in inhibition of virus-induced cell fusion (Campadelli-Fiume et al., 1982) and in abolition of the infectivity of HSV (Pizer et al., 1980; Svennerholm et al., 1982;  see also . Whether an impairment in O-linked oligosaccharide assembly affects any function of HSV glycoproteins and, if it does, whether it affects the same or different functions as the impairment in N-linked chain assembly, is not known. One can postulate that the occurrence of sialylated O-linked chains in gD affects its secondary and tertiary structure and its capability to interact with other macromolecular components. Sj6blom et al. (1987) reported that both N-and O-linked sialylated oligosaccharides are essential for the expression of certain epitopes on HSV-l glycoprotein C. They proposed that the sugars contribute to the antigenic properties of the glycoprotein by inducing a particular conformation in the peptide domain carrying the oligosaccharides. In this context, it may be suggested that, in addition to the differences in the amino acid sequence between gD1 and gD2, the different extent of O-glycosylation may contribute to the type specificity of certain epitopes.
